Arrays of hemispherical islands of cesium chloride are formed on an oxidized silicon wafer when a deposited thin film of CsCl is subsequently exposed to water vapor. High packing densities, P, and a wide, preselectable range of mean diameter, <d>, can be obtained. Use of such arrays for nanoscale lithography is demonstrated. Silicon pillars and cones have been fabricated with CsCl used as resist in a fluorocarbon reactive ion etching scheme. Cones of tip angle 28°and P = 0.18 and <d> = 85 ± 20 nm were made. The wall angle as a function of etching parameters was determined. CsCl arrays were used in a negative resist strategy, by coating the substrate and the hemispheres in aluminum and then lifting off the CsCl (with their Al coating). Wells were made in the exposed SiO 2 on Si with <d> = 920 ± 150 nm with a packing density of P = 35. Applications to field emission systems are noted. © 1999 The Electrochemical Society. S1099-0062(99)04-028-6. All rights reserved.
Very thin films of cesium chloride deposited on a hydrophilic substrate when exposed to water vapor under controlled conditions will reorganize into a hemispherical island array. The characteristics of the array are that it is disordered and near Gaussian in size distribution: the array is described by a fractional coverage (F) called "packing density," with islands of a mean diameter (<d>), having a particular standard deviation. We have recently completed a study of the kinetics of formation of CsCl hemispherical island arrays on silicon surfaces 1 and have shown that this technique can be used as a well-controlled process for producing arrays of known characteristics, with mean diameters ranging from 30 to 1200 nm (ca. ± 17%). Distributions of such CsCl island arrays have previously been used 2 as a resist in the reactive ion etching (RIE, chlorine based) fabrication of mesoscopic pillar structures on n + GaAs. The measured photoluminescent spectra showed large bandgap increases arising from quantum confinement effects. There have been other proposed approaches to nanoscale lithography using self-organizing systems, [3] [4] [5] e.g., metal nuclei have been used to fabricate dense arrays of field emission tips. 6, 7 However, the method used here is thought to be the best controlled and most versatile of those available. The work reported below is part of a program in our laboratory concerned with nanoscale devices, and here we report the extension of our work to silicon and silicon dioxide for the fabrication of pillars, cones, and wells. Pillars and conical (tip) structures are fabricated in a positive resist scheme, while wells in SiO 2 on Si are fabricated using a lift-off process involving the use of aluminum thin films (cf. Fig. 1 ). Apart from producing the CsCl resist arrays, the key process step is RIE. This latter process is empirical in process control and sensitive to equipment design. Experimental Resist array.-References 1 and 2 contain details of CsCl island fabrication. The silicon substrate coated in native oxide (both n-and p-type samples were used) was etched and washed so as to give a reproducible hydrophilic surface. CsCl was evaporated on the surface. The CsCl coated substrate was then transferred (under dry conditions) to a chamber of fixed water vapor pressure. The thin film of CsCl developed into an island array of hemispheres whose dimensional characteristics depend upon initial thickness, water vapor pressure, and time of development. The developed substrate could be transferred to the scanning electron microscope (SEM) under unchanged humidity, where the island array was photographed for measurement.We had to use the humidity value of the prevailing laboratory conditions (40%) for tip fabrication and chose the CsCl thickness and development time to give us the desired distribution.
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The development time was the time elapsed from removing the CsCl coated silicon from the deposition chamber to the RIE chamber at the moment of its pump down.
Tip fabrication.-The fabrication of tips was carried out on nand p-type silicon substrates of {100} orientation as described above. Etching was carried out in equipment obtained from Oxford Plasma Technology (model RIE80, fitted with a 6.5 in. table). The conditions for island growth were CsCl thickness 66 Å, relative humidity 40%, and 5 min exposure time. This resulted in an array of hemispherical islands with packing density 0.18, and mean diam 850 ± 200 Å. This CsCl/Si system, placed upon a silica glass plate in the RIE apparatus, was etched for 3 min in a gaseous mixture made by combining O 2 :Ar:CHF 3 in a ratio of flow rates of 1:10:20 standard cubic centimeters per minute (sccm). The total chamber pressure was 40 mTorr, the total radio frequency (rf) power was 155 W, and the dc bias was 400 V. The resulting tip array is shown on Fig. 2 . For these conditions, we measured a tip angle of ca. 28°. The tip diameter is not observable in our SEM and must be <100 Å.
Wall angle.-The wall angle for a regular cone is the angle that the side makes with the horizontal. Figure 3 shows the wall angle as a function of total pressure for a 1:10:20 mixture with average power 61 W and 300 dc bias. The relation of wall angle to some of the other independent variables is not shown, but the trends are as follows. There is an increasing etch rate with increasing dc bias; comparative insensitivity to Ar flow rate, at least for plus or minus a factor of two in flow rate, and, wall angle and etch rate, both increase with increasing CHF 3 flow rate. When the total pressure is in excess of 75 mTorr we observe rough surfaces and the onset of a component of horizontal silicon etching, as evidenced by under cutting of the CsCl. This is shown in Fig. 4 , for which the etching conditions were a 1:10:20 mixture, total pressure of 87 mTorr; 73 W, 300 V dc bias, and 15 min etching time. In general, it can be seen that there is a shallow depression in the substrate around each pillar or tip. This shallow "trenching" can be ascribed to enhanced, proximity sputtering arising from ions scattered from the vertical features. 8 Well fabrication.-The procedure for well fabrication, cf. Fig. 1 , is to first grow the CsCl island array on SiO 2 on Si; here we are interested in larger hemispheres, in the 0.5 to 1 µm range, followed by evaporation of a film of Al over this structure, followed by lift-off of the Al film that coated the CsCl, by means of ultrasonic agitation in water. This produced Al that can act as a resist, enabling holes to be etched in the SiO 2 .
To grow large hemispheres of CsCl, comparatively thick films of CsCl are needed, and it is necessary to expose these films to a relatively high humidity. As an example: using 1350 Å thick CsCl, developed at 55% relative humidity for 92 h, gave an average hemisphere diam of 9200 ± 1500 Å and a packing density of 35%. Figure  5 shows the CsCl islands coated by a 1050 Å thick Al film. This array was made on a thermally grown oxide on silicon: the hydrophilic oxide was 3200 Å thick. Onto this CsCl/SiO 2 surface was evaporated pure Al to a thickness of 1060 Å. The Al coated structure was ultrasonically agitated for 2 min. The result was the complete removal, i.e., lift-off, of the Al which covered the CsCl, leaving an Al coating with an array of holes matching the developed CsCl array, as shown in Fig. 6 . This structure was subjected to RIE using Oxford Plasma Technology equipment (model RIE80, fitted with a 6.5 in. table). The Al/SiO 2 /Si system was placed upon a silica glass plate in the RIE apparatus under the following conditions: feed-gas 10:20 sccm (Ar:CHF 3 ), total pressure 5 mTorr at 160 W and 220 dc bias for 5 min, the resulting well structure is shown in Fig. 7 . Discussion Cesium chloride is eroded by physical sputtering processes only, while the silicon is finally chemically removed. The selectivity, which is the rate of silicon etching to that of the cesium chloride, can be determined from the physical characteristics of the tip structures. Several possible cases can be considered. When the sputtering rate, ω, of CsCl is uniform over the surface of the hemisphere, the time, T, for removal of a hemisphere of initial radius, R o is
While the resist is being sputtered away the silicon is being etched vertically, at a rate, v, so that a conical structure results in the Si. The height, H, of the right regular cone is
The cone (tip) angle φ is
For example, we have measured an average φ = 28°; this gives a value of ω/v = 4, which is the selectivity. Where sputtering of CsCl is only by vertical removal, at rate α, the rate term ω is replaced by α in the above equations. For vertical and horizontal CsCl sputtering (the latter being uniform in the plane parallel to the substrate) the relations are
where η is the horizontal rate, and the tip angle is
Conclusions The fabrication of pillars and cones of silicon in high packing density and of dimensions in the tens of nanometers region has been demonstrated. Furthermore, wells in silicon dioxide on silicon have been made by a lift-off process, again in high packing density. The relation of wall angle to process parameters in the RIE technique have been investigated and shown to be capable of control over a useful range of angles. One of the next steps in this program is to attempt the fabrication of small tips in the Si at the bottom of the wells, and to use the Al as an extraction electrode (grid) in a field emission scheme. 
